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ABSTRACT 


.  In  this  paper  pressure  fluctuation  measurements  on 
smooth  cylinders  aligned  with  the  flow  have  been  extended 
to  include  the  effect  of  slight  cross  flow  and  isolated 
roughness  elements.  A  yaw  angle  of  a  few  degrees  is  suf¬ 
ficient  to  produce  severe  asymmetry  of  the  outer  portion 
of  the  boundary  layer  as  deduced  from  impact  pressure  mea¬ 
surements  using  computer  controlled  traversing  gear.  The 
root-mean-square  surface  pressure  fluctuations  are  a  maxi¬ 
mum  on  the  windward  surface  but  only  slightly  larger  than 
with  no  yaw.  On  the  leeward  surface  they  are  much  lower. 

The  power  spectrum  of  the  pressure  has  greater  energy 
density  at  high  frequencies  on  the  windward  surface  and  at 
low  frequencies  on  the  leeward  side.  With  no  cross  flow 
the  root-mean- square  surface  pressure  is  greatly  increased 
by  a  cylindrical  collar  placed  around  the  cylinder.  A 
collar  which  increases  the  diameter  by  50%  more  than  doubles 
the  wall  pressure  three  diameters  downstream.  The  spectra 
of  the  pressure  scale  with  collar  thickness  and  the  inten¬ 
sity  of  the  surface  pressure  fluctuations  scales  with  the 
ratio  of  collar  thickness  to  distance  downstream. 
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1.  INTRODUCTION 


In  two  previous  papers,  Willmarth  and  Yang  (1970)  and 
Willmarth  et  al.  (1976) ,  detailed  studies  are  reported  of 
the  boundary  layer  profiles  and  wall  pressure  fluctuations 
developed  on  long  circular  cylinders  aligned  with  the  flow. 

In  the  course  of  setting  up  the  flow  fields  for  these  investi¬ 
gations  of  the  axially  symmetric  boundary  layer  on  cylinders, 
it  was  discovered  that  a  very  small  angle  of  yaw  was  suffici¬ 
ent  to  cause  gross  asymmetry  of  the  boundary  layer.  For 
example,  measurements  of  the  boundary  layer  of  the  order  of 
7.5  meters  from  the  nose  of  a  7.62  cm  diameter  cylinder 
showed  serious  asymmetry  of  the  velocity  profiles  for  flow 
misalignments  of  the  order  of  0.05  degrees. 

In  an  actual  flow  that  is  approximately  parallel  to  the 
axis  of  a  long  circular  cylinder  (for  example  an  arrow, 
lance,  or  towing  cable  and  the  like)  the  cylinder  surface  is 
rarely  perfectly  smooth  nor  is  the  cylinder  axis  a  straight 
line.  Owing  to  free  stream  turbulence  or  other  disturbances 
in  the  flow  misalignments  of  the  order  of  a  few  degrees  can 
easily  occur.  The  present  investigation  was  undertaken  in 
order  to  evaluate  the  effect  of  flow  misalignment  and  sur¬ 
face  roughness  on  the  turbulent  boundary  layer  flow  field 
and  wall  pressure  fluctuations.  There  do  not  appear  to  be 
any  detailed  measurements  of  the  turbulent  boundary  layer 
profiles  on  rough  or  slightly  yawed  cylinders.  However,  Reid 
and  Wilson  (1963)  have  considered  the  problem  of  the  drag  of 
rough  cylinders.  They  report  calculations  of  the  drag  based 
on  the  friction  coefficient  of  rough  walled  pipe  flow  and 


measurements  of  the  drag  of  stranded  towing  cables.  In  order 
to  learn  more  about  the  nature  and  severity  of  the  effect  of 
yaw  and  roughness  on  the  boundary  layer  flow  on  long  cylinders 
an  exploratory  investigation  on  a  cylinder  of  25.4  mm  diameter 
was  undertaken. 


2.  EXPERIMENTAL  EQUIPMENT  AND  APPARATUS 


A.  WIND  TUNNEL  AND  CYLINDRICAL  MODEL 

The  experiments  were  carried  out  in  a  specially  con¬ 
structed  vertical  wind  tunnel  with  an  octagonal  test  section 
30.48  cm  wide  and  5.5  meters  long.  The  facility  was  used  in 
a  previous  investigation  and  is  described  in  Willmarth  et  al. 
(1976) .  The  flow  in  the  empty  tunnel  is  uniform  and  parallel 
within  a  few  percent.  The  25.4  mm  circular  cylinder  model 
was  also  used  in  our  previous  work,  Willmarth  et  al.  (1976). 
It  was  made  from  segments  of  aluminum  tubing  with  accurately 
machined  joints  held  together  by  an  internal  steel  cable  in 
tension. 

Three  cylindrical  collars  1.59  mm,  3.18  mm  and  6.35  mm 
thick  and  50.8  mm  long  were  used  to  test  the  effect  of  iso¬ 
lated  roughness  elements  on  the  wall  pressure  fluctuations. 
The  collars  were  split  in  half  and  clamped  on  the  cylinder 
with  a  flat  steel  spring  around  the  circumference  of  the 
collar  and  inset  flush  with  the  surface.  The  collars  were 
easily  positioned  at  any  station  on  the  cylinder.  Figure  3 
contains  a  sketch  of  the  6.35  mm  thick  collar. 

B.  INSTRUMENTATION  FOR  MEASUREMENTS  OF  THE  MEAN  FLOW  FIELD 
Approximate  measurements  of  the  mean  flow  field  about 

the  yawed  cylinder  were  made  using  an  impact  pressure  tube. 
The  impact  tube  was  constructed  from  a  5  cm  straight  length 
of  0.812  mm  diameter  stainless  steel  hypodermic  tubing.  The 
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inside  diameter  of  the  tubing  was  0.457  mm.  The  end  of  the 
tube  was  cut  off  at  right  angles  to  the  axis  and  all  burrs 
were  carefully  removed.  The  impact  tube  was  supported  by 
a  larger  diameter  tube  inserted  through  a  slot  cut  in  the 
side  of  the  tunnel  and  fitted  with  a  flexible  rubber  seal. 

The  impact  pressure  tube  was  mounted  on  a  traversing  mecha¬ 
nism  driven  by  two  stepping  motors  and  could  be  positioned 
at  any  point  near  the  yawed  cylinder  under  the  control  of  a 
digital  minicomputer.  The  impact  pressure  was  used  to  com¬ 
pute  the  approximate  fluid  velocity  assuming  the  validity  of 
Bernoulli's  law  and  that  the  static  pressure  at  any  point 
was  constant  and  equal  to  the  free  stream  static  pressure. 

The  computer  controlled  traversing  gear  was  actuated  by 
two  sigma  model  18-1408  D40-F  stepping  motors  with  50:1  gear 
ratio  that  were  controlled  by  a  16  bit  Computer  Automation, 
Alpha  16  minicomputer  with  8K  words  of  memory.  The  inter¬ 
face  between  the  minicomputer  and  stepping  motors  was  con¬ 
structed  in  our  laboratory.  The  computer  software  was 
designed  to  traverse  the  impact  pressure  probe  along  any 
continuous  path  about  the  yawed  cylinder.  The  path  was 
specified  by  the  cartesian  coordinates  of  the  points  along 
the  path  at  which  the  impact  pressure  was  measured.  At 
each  measuring  point  the  computer  driven  probe  paused  for 
sufficient  time  to  allow  the  impact  pressure  to  be  sensed 
by  a  Statham  model  PM5TC  +  0.15  differential  pressure  trans¬ 
ducer.  Two  signals,  one  from  the  Statham  pressure  transducer 
and  the  other  a  logic  signal  indicating  that  the  probe  was 
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stationary  during  a  pause  at  a  measuring  point  were  recorded 
in  analog  form  on  magnetic  tape  during  a  run.  A  Honeywell 
model  5600C  frequency  modulated  tape  recorder  was  used  to 
record  and  later  reproduce  the  two  signals.  When  repro¬ 
duced,  the  signals  were  digitized  using  an  Analogic  Model 
AN5800  A/D  converter  interfaced  to  a  Data  General  NOVA  840 
minicomputer  with  32K  words  of  memory. 

A  FORTRAN  program  was  written  which  sensed  the  digitized 
logic  signal  indicating  that  a  measurement  pause  had  occurred. 
The  digitized  signal  representing  the  impact  pressure  was 
then  averaged  and  used  to  compute  the  ratio  of  velocity  at 
the  impact  pressure  probe  tip  to  the  free  stream  velocity 
using  Bernoulli's  law. 

C.  INSTRUMENTATION  FOR  MEASUREMENTS  OF  THE 

WALL  PRESSURE  FLUCTUATIONS 

Previous  experience  with  piezoelectric  pressure  trans¬ 
ducers  mounted  flush  with  the  cylinder  surface,  Willmarth 
et  al.  (1976) ,  indicated  that  piezoelectric  pressure  trans¬ 
ducers  are  also  excellent  accelerometers.  Elaborate  pre¬ 
cautions  were  necessary  to  prevent  spurious  response  to 
mechanical  vibrations  of  the  cylinder.  For  this  reason 
measurements  of  the  wall  pressure  fluctuations  were  made 
with  condensor  microphones  which  are  much  less  sensitive  to 
vibration.  The  smallest  available  commercial  microphones, 
Bruell  and  Kjaer  Model  4138,  have  a  3.18  mm  diameter  diaphragm. 
In  order  to  reduce  the  size  of  the  sensing  area  a  small  pin¬ 
hole  in  the  cylinder  surface  was  used  to  admit  the  wall  pres¬ 
sure  to  a  small  cavity  above  the  microphone  diaphragm.  The 
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microphone  and  preamplifier  were  installed  within  the  one  inch 
diameter  cylinder  as  shown  in  Fig.  1.  The  diameter  of  the 
pinhole  in  the  surface  was  1.016  mm.  The  orifice  of  the  pin¬ 
hole  microphone  was  exposed  to  an  acoustic  field  within  an 
anechoic  chamber  and  calibrated  (in  stationary  air)  by  com¬ 
paring  its  output  to  that  of  another  Bruell  and  Kjaer  Model 
4138,  3.18  mm  diameter  microphone  placed  nearby  which  had 
previously  been  calibrated  using  a  Bruell  and  Kjaer  Piston 
Phone  Type  4220. 

The  result  of  the  calibration  is  displayed  in  Fig.  2. 

There  is  a  severe  Helmholtz  resonance  at  approximately  4.5  KHz. 
This  was  caused  by  the  interaction  of  the  trapped  volume  of 
air  above  the  microphone  diaphragm  with  the  mass  of  air  in  the 
1.016  mm  diameter  tube  leading  to  the  cylinder  surface.  With 
the  aid  of  the  calibration  data  of  Fig.  2  we  were  able  to 
correct  the  pinhole  pressure  spectra  and  mean  square  pressure 
for  the  Helmholtz  resonance.  As  discussed  later  in  the  paper 
the  reaction  of  the  pinhole  transducer  to  high  frequency 
components  of  the  wall  pressure  fluctuations  was  found  to  be 
large  and  non-uniform.  This  was  apparently  caused  by  an 
interaction  between  the  pinhole,  which  represents  a  discon¬ 
tinuity  in  the  surface,  and  the  boundary  layer.  The  errors 
were  quite  large  when  the  pinhole  was  on  the  windward  side 
of  the  yawed  cylinder. 

We  also  constructed  a  special  electro-mechanical 
adapter  for  the  3.18  mm  diameter  microphone  to  allow  it 
to  be  mounted  flush  with  the  surface  of  the  one  inch  cylinder. 
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Figure  3  is  a  sketch  of  this  microphone  configuration  showing 
the  special  90°  adapter  with  the  3.18  mm  diameter  Bruell  and 
Kjaer  microphone  mounted  flush  with  the  surface  and  the  micro¬ 
phone  preamplifier  inside  the  one-inch  cylinder  model.  The 
additional  parasitic  capacitance  of  the  adapter  made  it  neces¬ 
sary  to  recalibrate  the  microphone  and  preamplifier.  A 
comparison  calibration  was  performed  using  the  same  method 
and  equipment  that  was  used  for  the  pinhole  microphone  cali¬ 
bration  described  above.  The  frequency  response  was  uniformly 
reduced  (by  a  factor  of  2.7)  at  all  frequencies  owing  to  the 
additional  parasitic  capacitance  of  the  adapter. 

The  pressure  fluctuation  signals  produced  by  these 
transducers  were  recorded  in  analog  form  on  magnetic  tape 
using  a  Honeywell  Model  5600C  Frequency  Modulated  Tape 
Recorder/Reproducer.  The  tape  recorder  response  was  uniform 
in  the  frequency  band  from  zero  to  10  KHz,  however  two 
Ithaco  Model  4213  variable  bandpass  filters  were  used  to 
reject  harmonic  components  of  the  wall  pressure  signals  below 
50  Hz. 

The  tape  recorded  signals  were  reproduced  at  a  later 
time  and  the  power  spectra  were  measured  with  a  Hewlett- 
Packard  Model  3580A  Spectrum  Analyzer.  The  wave  analyzer 
was  used  with  a  constant  bandwidth  of  approximately  30  Hz. 

The  root-mean- square  of  the  pressure  signals  was  measured 
with  a  Thermosystems  Model  1060  True  Root-Mean-Square 
Voltmeter. 
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3.  VELOCITY  PROFILES  MEASURED  ON 
SLIGHTLY  YAWED  CYLINDERS 

The  computer  controlled  traversing  gear  described  in 
Section  2B  was  used  to  position  an  impact  pressure  tube  at 
various  points  throughout  the  boundary  layer  surrounding 
slightly  yawed  cylinders.  The  measurements  were  primarily 
of  an  exploratory  nature  and  were  designed  to  reveal  gross 
features  of  the  flow  field.  No  attempt  was  made  to  maintain 
the  axis  of  the  impact  pressure  probe  parallel  to  the  flow. 
The  velocity  computed  from  the  impact  pressure  tube  pressure 
was  obtained  using  Bernoulli's  law.  It  was  assumed  that  the 
static  pressure  everywhere  in  the  yawed  boundary  layer  flow 
was  the  same  as  the  free  stream  static  pressure.  These 
assumptions  are  likely  to  be  reasonably  accurate  far  out  in 
the  boundary  layer  but  may  be  considerably  in  error  near  the 
surface  if  the  yaw  angle  is  not  small. 

In  all  these  measurements  the  flow  in  the  boundary  layer 
was  turbulent.  The  notation  for  the  measurements  about  yawed 
cylinders  is  shown  in  Fig.  4.  All  measurements  were  made 
at  a  station  5.5  m  downstream  of  the  test  section  entrance  of 
the  vertical  tunnel.  When  the  first  measurements  were  made 
it  was  immediately  discovered  that  the  boundary  layer  thick¬ 
ness  on  the  windward  side  of  the  cylinder  was  very  much 
thinner  than  on  the  leeward  side  even  at  angles  of  yaw  as 
a  fraction  of  one  degree.  Figure  5  is  a  plot  of  the  lines  of 
constant  velocity  about  a  3.175  mm  diameter  cylinder  at  a 
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yaw  angle  of  1.06°  measured  at  a  station  of  the  order  of  10 
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diameters  downstream  from  the  origin  of  the  boundary  layer. 

The  boundary  layer  thickness  out  to  the  U/U^  =  0.95  contour  is 
of  the  order  of  one  diameter  on  the  windward  side  of  the 
cylinder  and  four  diameters  on  the  leeward  side.  The  measured 
boundary  layer  thickness  out  to  the  U/U^  =  0.95  contour  at 
the  same  station  at  zero  angle  of  yaw  was  3  cylinder  diameters, 
Willmarth  et  al.  (1976) .  This  illustrates  the  sensitivity  of 
the  boundary  layer  developed  on  a  long  cylinder  to  slight 
asymmetry  of  the  flow. 

At  larger  angles  of  yaw  only  the  leeward  boundary  layer 
profiles  were  investigated.  The  boundary  layer  thickness  on 
the  windward  side  of  the  cylinder  was  comparable  to  the 
diameter  of  the  impact  pressure  probe.  Figure  6  shows  the 
lines  of  constant  velocity  about  a  cylinder  of  25.4  mm 
diameter  yawed  2.36°.  Although  the  yaw  angle  is  very  small,  at  <t>  =  0 
the  boundary  layer  already  has  the  appearance  of  a  wake-like 
flow.  One  can  observe  that  regions  of  intense  velocity 
gradients  are  beginning  to  develop  on  either  side  of  the 
cylinder  near  <f>  =  90  and  270°. 

At  a  yaw  angle  of  a  =  6.62°,  see  Fig.  7,  the  development 
of  the  shear  layers  at  <J>  =  90  and  270°  is  apparently  complete. 

In  this  case  the  estimated  shear  layer  thickness  is  of  the 
order  of  the  diameter  of  the  impact  pressure  probe.  The 
boundary  layer  thickness  on  the  windward  side  of  the  cylinder, 

<(>  =  180°,  must  be  of  the  order  of  or  less  than  the  impact 
probe  diameter.  The  boundary  layer  thickness  on  the  leeward 
(wakelike)  side  of  the  cylinder,  4>  =  0°,  is  of  an  extent 


1  ruer  than  that  of  the  uniform  flow  in  the  tunnel  cross- 
section.  In  all  these  measurements  we  were  able  to  measure 
only  velocity  contours  for  U/U  <  0.95  with  reasonable 
accuracy  and  confidence. 

The  flow  field  about  the  yawed  3.16  mm  and  25.4  mm 
cylinders  was  surveyed  for  10  other  combinations  of  free 
stream  velocity  and  yaw  angle.  The  general  features  of  these 
flows  were  similar  to  the  observations  shown  in  Figs.  5  to  7. 
We  measured  the  maximum  width,  B,  of  the  constant  velocity 
contours  U/U^  =  .95  for  each  case.  Figure  8  is  a  plot  of 
the  ratio  of  the  wake  width,  B,  to  cylinder  diameter,  d, 
versus  Reynolds  number  based  upon  cylinder  diameter  and  free 
stream  velocity  normal  to  the  cylinder  axis,  Ren. 

The  ratios  B/d  for  the  3.175  mm  and  25.4  mm  diameter 

cylinders  do  not  lie  on  the  same  curve  but  do  show  similar 

behavior  as  a  function  of  Re  .  Sears  (194.')  has  shown  that 

n 

the  laminar  boundary  layer  equations  and  boundary  conditions 
are  the  same  for  a  given  infinite,  yawed  cylinder  as  in  a 
plane  flow,  at  the  same  Ren,  about  the  cylinder  at  zero  yaw. 
The  plane  flow  solutions  for  the  flow  about  any  cylinder  can 
be  carried  over  directly  to  the  yawed  case,  and  the  spanwise 
flow  can  be  calculated  by  integration  of  linear  equations. 
Thus,  if  the  flow  were  laminar  and  the  cylinders  of  infinite 
extent  the  data  of  Fig.  8  would  all  lie  on  the  same  curve. 

In  the  present  investigation  the  flow  is  turbulent  and  Sears 
(1948)  simplification  is  not  possible  because  the  (unknown) 
Reynolds  stress  terms  are  present  in  the  equations  for  the 


mean  motion  in  the  boundary  layer.  One  would  expect,  intui¬ 
tively,  that  the  Reynolds  stress  tensor,  produced  by  the 
three-dimensional  turbulence  in  the  flow,  would  depend  upon 
the  yaw  angle,  a,  and  azimuth  angle,  <f>.  Thus,  the  flow  in 
the  yawed  cylinder  boundary  layer  and  wake  cannot  be  as  simple 
as  it  is  for  the  laminar  case  discussed  by  Sears  (1948) . 

The  results  depicted  in  Fig.  8  show  that  at  small  Reynolds 
number  normal  to  the  cylinder,  Ren,  the  overall  width  of  the 
turbulent  flow  region  about  the  cylinder  is  a  rapidly  varying 
function  of  Ren.  If  Re  denotes  the  Reynolds  number  based  upon 
free  stream  velocity  and  cylinder  diameter 

Ren  =  Re  sin  a  (1) 

Re  is  usually  rather  large,  for  example  for  a  7  cm  diameter 
cylinder  in  air  flowing  at  30  M/sec  or  in  water  flowing  at 
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3  M/s ec.  Re  is  of  the  order  of  10  .  If  oC  is  small  compared  to 

1, 

Ren  =  a  Re  (2) 

In  this  case  a  yaw  angle  of  the  order  of  one  degree  will 
produce  a  Reynolds  number  normal  to  the  cylinder  of  the  order 
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of  2  x  10  .  Referring  to  Fig.  8  the  ratio  B/d  at  one  degree 
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yaw  (Ren  =  2  x  10  )  is  very  much  smaller  than  at  zero  yaw 
angle.  This  illustrates  the  extreme  sensitivity  of. the 
axially  symmetric  boundary  layer  on  a  cylinder  to  slight 
transverse  disturbances  which  might  be  caused  by  free  stream 
turbulence  or  by  small  variations  in  the  alignment  of  the 
axis  of  the  cylinder.  The  data  of  Fig.  8  suggest  that  large 


changes  in  the  character  of  the  fluctuating  flow  field  about 
cylinders  may  occur  when  the  boundary  layer  on  the  cylinder 
is  disturbed  and  blown  or  swept  off  the  cylinder. 


4.  WALL  PRESSURE  FLUCTUATIONS  ON  SLIGHTLY  YAWED  CYLINDERS 


Measurements  of  the  wall  pressure  fluctuations  on 
cylinders  when  the  ratio  6/d  is  not  small  have  been  reported 
at  zero  angle  of  yaw  by  Willmarth  and  Yang  (1970)  for  a  three 
inch  diameter  cylinder  and  by  Willmarth  et  al.  (1976)  for  a 
one  inch  diameter  cylinder.  The  measurements  were  repeated 
in  the  present  investigation  using  the  relatively  large 
diameter  flush  transducer  described  in  Section  2C  mounted  on 
a  one  inch  diameter  cylinder.  In  all  the  measurements  the 
pressure  transducer  was  mounted  at  a  station  5.5  m  downstream 
of  the  entrance  of  the  test  section  of  the  vertical  tunnel. 

We  had  planned  to  make  these  measurements  with  the  much  smaller 
diameter  pinhole  transducer  also  described  in  Section  2C.  How¬ 
ever,  it  was  discovered  that  a  severe  unsteady  aerodynamic 
interaction  between  the  flow  and  the  pinhole  was  present  which 
caused  the  pressure  fluctuations  to  attain  unusually  large 
amplitudes  at  high  frequencies.  This  interaction  was  particu¬ 
larly  serious  when  the  pinhole,  see  Fig.  1,  was  on  the  windward 
side  of  the  cylinder. 

The  elevated  spectral  levels  at  high  frequency  produced 
by  a  pinhole  microphone  beneath  the  boundary  layer  on  a  flat 
plate  have  been  studied  by  Bull  and  Thomas  (1976).  Their  paper 
contains  information  based  upon  a  comparison  between  careful 
measurements  made  with  a  flush  and  a  pinhole  microphone  of  the 
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same  diameter,  dT.  Their  results  show  that  above  dimension- 

2 

less  frequencies,  tov/u^.  ,  greater  than  0.1  serious  errors 
in  the  wall  pressure  spectra  measured  by  pinhole  microphones 
were  produced.  It  should  be  noted  that  the  nondimensional 
diameter  of  their  flush  and  pinhole  microphones,  dTu^/v  =  50, 
were  nearly  the  same  as  the  dimensionless  pinhole  transducer 
diameter,  dTu^./v  =  60,  used  in  the  present  investigation. 

All  the  wall  pressure  measurements  reported  in  the 

present  investigation  were  made  with  a  flush  transducer  whose 

diemsnionless  diameter  was  d_u  /v  =  290.  It  was  necessarv 

T  t 

that  a  flush  transducer  be  used  in  this  investigation  especi¬ 
ally  on  the  windward  side  of  the  yawed  cylinders.  Unfortunately, 
we  do  not  have  flush  pressure  transducers  as  small  as  the  pinhole 
diameter  that  are  also  insensitive  to  acceleration.  It  was 
not  possible  to  construct  a  vibration  isolated  mounting  for  a 
very  small  transducer  for  use  in  the  yawed  cylinder  measure¬ 
ments  without  great  difficulty  and  considrable  expenditure  of 
time.  We  decided  to  use  the  flush  condensor  microphone 
described  in  Section  2C.  The  larger  diameter  of  this  micro¬ 
phone  results  in  some  loss  of  response  at  high  frequencies  but 
the  ability  to  easily  study  the  pressure  fluctuations  at  any 
yaw  or  azimuth  angle  far  outweighs  the  loss  of  high  frequency 
response. 

For  reference  the  wall  pressure  spectra  measured  on  one 
and  three-inch  diameter  cylinders  at  zero  yaw  are  shown  in 
Fig.  9.  There  is  not  a  large  difference  between  the  measure¬ 
ments  at  high  frequency  on  the  one-inch  diameter  cylinder 
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with  the  small  and  large  flush  transducers.  This  difference 
would  have  been  larger  for  smaller  values  of  dTuT/v* 

Figure  10  shows  the  results  of  the  root-mean- square  wall 
pressure  measured  on  the  one-inch  diameter  cylinder  when  the 
yaw  angle  was  2.36  degrees.  The  root-mean- square  wall  pres¬ 
sure  fluctuations  were  a  minimum  on  the  leeward  side  of  the 
cylinder  and  a  maximum  on  the  windward  side.  The  results  of 
measurements  at  zero  yaw  are  also  shown  in  Fig.  10.  The 
ratio  of  the  maximum  to  minimum  root-mean- square  wall  pres¬ 
sure  was  approximately  1.75.  However,  the  root-mean-square 
wall  pressure  fluctuations  on  the  windward  side  of  the  yawed 
cylinder  was  only  a  factor  of  1.15  higher  than  on  a  cylinder 
at  zero  yaw.  Thus,  it  appears  that  the  effect  of  yaw  on  the 
wall  pressures  is  a  relatively  large  reduction  in  intensity 
on  the  leeward  side  of  the  yawed  cylinder  and  a  slight  increase 
on  the  windward  side. 

The  power  spectrum,  Eq.(5),of  the  "energy"  in  the  pressure 
fluctuations  on  the  yawed  cylinder  was  also  studied.  Figures 
11  and  12  display  the  power  spectra  of  the  wall  pressure  fluctu¬ 
ations  measured  on  the  yawed  cylinder  at  free  stream  speeds 
of  35.4  and  50.3  m/sec.  The  units  of  spectral  density  in 
Figs.  11  and  12  are  arbitrary  but  the  same  in  each  figure.  Also, 
displayed  on  these  figures  is  the  spectral  density  at  zero  yaw 
angle.  The  spectral  density  on  the  leeward  side,  at  <t>  =  0°, 
is  considerably  lower  at  all  frequencies  than  it  is  on  an  unyawed 
cylinder.  Surprisingly,  the  spectral  density  at  <f>  =  60°  on  the 
leeward  surface  of  the  yawed  cylinder  is  nearly  the  same  as 
that  on  the  cylinder  at  zero  yaw  angle.  On  the  windward  side 
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of  the  cylinder,  <J>  =  180°,  and  at  <p  =  120°  the  spectral 
density  is  larger  at  high  frequencies  and  lower 
at  low  frequencies  than  it  is  at  $  =  60°  or  on  an  unyawed 
cylinder. 

It  is  also  noteworthy  that  the  power  spectra  of  the  wall 
pressure  on  the  cylinder  yawed  at  an  angle  of  2.36  degrees 
shows  absolutely  no  evidence  of  periodic  oscillations  which 
might  be  associated  with  the  periodic  shedding  of  vorticitv. 
For  this  reason  no  attempt  was  made  to  observe  periodic  oscil¬ 
lations  with  hot  wire  instrumentation  on  the  leeward  side  of 
the  cylinder.  Investigations  of  the  leeward  flow  field  at 
larger  angles  of  yaw  were  not  pursued  although,  according  to 
Fig.  7,  the  shear  layers  near  the  leeward  surfaces  become 
more  intense  and  vortex  shedding  might  have  been  observable. 

On  the  other  hand,  neither  Hanson  (1966)  nor  VanAtta  (1968) 
report  observations  of  periodic  oscillations  in  the  wake  of 
slightly  inclined  cylinders  for  a  £  15°. 

In  order  to  better  compare  the  "shape"  of  the  spectra 
measured  on  the  yawed  cylinder  they  have  been  replotted  in 
nondimen sional  form  and  are  displayed  in  Figs.  13  and  14. 

The  frequency  has  been  made  dimensionless  using  the  factor 
2ttB/U  where  B  is  the  wake  "width"  (the  maximum  width  of  the 

oo 

u/U  =  0.95  contour,  see  Fig.  8)  and  U  is  the  free  stream 

OO  00 

—3 

velocity.  The  ordinate  has  been  multipled  by  U^/fB  p  ). 

With  this  scaling  the  area  under  each  spectrum  is  unity.  The 
result  of  this  scaling  is  that  the  "shape"  of  the  spectra 
are  almost  the  same  for  the  case  of  no  yaw  and  for  the  leeward 
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spectra,  at  <j>  =  0°  and  <j>  =  +  60°,  on  the  yawed  cylinder.  On 
the  windward  surface  of  the  yawed  cylinder,  at  $  ■  +  120° 
and  =  180°,  the  basic  shape  is  the  same  but  markedly 
different  from  the  leeward  spectra.  The  amplitude  is  reduced 
at  lower  frequencies  and  increased  at  higher  frequencies. 
However,  at  the  lowest  frequency  the  spectral  amplitude 
appears  to  rapidly  increase  somewhat  above  the  low  frequency 
spectral  density  on  the  leeward  surface.  This  increase  may  be 
caused  by  large  scale  motions  of  the  boundary  layer  on  the 
yawed  cylinder  which  are  occasionally  swept  off  and  then 
reappaear.  We  have  not  had  time  to  investigate  this  behavior 
in  greater  detail. 

There  are  two  other  important  characteristics  of  the 
results  displayed.  Figs.  13  and  14.  The  first  is  that  all 
the  spectra  scale  very  well  with  Uro.  The  second  is  that  the 
parameter,  B,  is  apparently  a  satisfactory  scaling  parameter 
for  the  wall  pressure  on  an  unyawed  cylinder  and  for  the  wall 
pressure  on  the  leeward  surface  of  a  yawed  cylinder.  In 
these  two  cases  the  spectral  shapes  are  the  same  which  suggests 
that  the  character  of  the  wall  pressure  fluctuations  on 
the  leeward  surfaces,  at  small  yaw  angles,  does  not  differ 
from  the  unvawed  case  because  the  boundary  layer  which  pro¬ 
duces  these  fluctuations  has  undergone  nearly  the  same  history 
during  its  development  in  passing  from  the  windward  to  lee¬ 
ward  surface  as  the  history  for  the  unyawed  boundary  layer 
flow  development.  On  the  other  hand  the  boundary  layer  on 
the  windward  surfaces  is  much  thinner  and  contains  fluid  which 
was  only  recently  in  the  free  stream.  Therefore,  the  windward 
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surface  pressure  fluctuations  contain  more  high  frequency 
components  and  have  in  general,  less  energy  at  low  frequencies. 


5.  WALL  PRESSURE  FLUCTUATIONS  PRODUCED  BY 
ISOLATED  ROUGHNESS  ELEMENTS 

In  addition  to  the  effect  of  a  slight  flow  misalignment 
on  the  wall  pressure  fluctuations  we  have  also  studied  the 
effect  of  isolated  roughness  elements  on  the  pressure  fluctu¬ 
ations  beneath  the  boundary  layer  developed  on  an  unyawed 
25.4  mm  diameter  cylinder.  The  roughness  element  chosen  was 
a  simple  collar  completely  encircling  the  cylinder.  The 
collars  caused  a  step  increase  followed  by  a  step  decrease 
in  cylinder  diameter.  Three  collars  were  used  each  50.8  mm 
long  with  thicknesses,  H,  of  6.35,  3.175  and  1.588  mm.  In 
Fig.  3  a  sketch  of  the  thickest  colair,  H  =  6.35  mm,  is 
shown.  The  collars  were  split  in  half  along  their  length  and 
were  clamped  on  the  cylinder  by  a  circular  metal  band  made 
from  spring  steel,  see  Fig.  3.  The  collars  could  easily  be 
positioned  at  various  distances,  x,  upstream  of  the  stationary 
flush  transducer,  also  shown  in  Fig.  3. 

Measurements  of  the  wall  pressure  fluctuations  were  made 
on  the  surface  of  the  25.4  mm  diameter  cylinder  with  the  flush 
pressure  transducer  5.5  m  downstream  of  the  exit  of  the 
contraction  section  of  the  vertical  tunnel.  The  first  measure¬ 
ments  performed  are  displayed  in  Fig.  15  which  shows  the 
ratio  of  the  root-mean-square  pressure  on  the  cylinder  with 
collar  installed,  ,  to  dynamic  pressure  as  a  function 

of  dimensionless  separation  x/H  between  the  downstream  edge 
of  the  collar  and  the  pressure  transducer.  The  measurements 
were  made  at  a  free  stream  velocity  of  35. 36  m/sec.  For  this 


data  the  ratio  /pj*  /q^  is  greater  than  with  no  collar  which  is 
shown  on  the  figure  as  a  dashed  line.  The  data  for  the  differ¬ 
ent  collars  appear  to  scale  very  well  with  the  collar  thickness, 
H,  and  distance  downstream,  x. 

Figure  16  shows  the  same  data  but  with  the  pressure  fluc¬ 
tuations  produced  without  the  collar  removed.  Our  reasoning 
was  that  to  first  order  the  pressure  fluctuations  at  the  wall 
produced  by  the  collar  might  simply  be  regarded  as  an  uncor¬ 
related  sum  or  superposition  of  disturbances  caused  by  the 
collar  alone  and  by  the  cylinder  without  the  collar.  If 
there  were  no  correlation  between  the  disturbances  caused 
by  the  collar  alone,  p  ,  and  the  pressure  with  no  collar 

Cel 

(i.e.  p  p  »  0)  then  the  pressure  fluctuations  on  the 
Cci  nc 

cylinder  with  the  collar  installed,  pc,  would  be; 

2  - - -  2  -2,-2  ... 

Pc  ’  Pea  +  Pnc  =  pca  +  Pne  '  <3> 


The  mean-square  pressure  fluctuations  caused  by  the  collar 
alone  become , 


(4) 


Apparently,  this  assumption  is  reasonably  accurate  since 
the  data  measured  with  different  collars  appear  to  be  self 
consistent,  see  Fig.  16.  Figures  15  and  16  show  that  a 
considerable  increase  in  the  fluctuating  wall  pressure  is 
produced  by  isolated  roughness  elements  which  are  less  than 
one  quarter  of  the  cylinder  diameter  in  thickness. 
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The  next  phase  of  these  measurements  was  a  systematic 
study  of  the  power  spectra  of  the  disturbances  produced  by 
the  three  collars.  The  power  spectrum,  F(oj)  ,  is  the  Fourier 
transform  of  the  auto  correlation  of  the  wall  pressure  fluctu¬ 
ations  , 


co 


and  it  is  assumed  that  p(t)  is  a  stationary  random  function. 
The  inverse  transform  is 

00 

F(u>)  cos  a)T  da)  (6) 
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Figures  17,  18,  and  19  display  the  power  spectra  of  the 
wall  pressure  measured  on  the  cylinder  surface  with  the  three 
collars  installed  at  various  distances  upstream  of  the  pres¬ 
sure  transducer.  The  units  of  the  power  spectra  (the  ordinates) 
are  arbitrary  but  are  the  same  in  each  of  the  three  figures 
to  allow  a  comparison  between  them.  The  data  are  of  relatively 
high  quality,  since  a  linear  scale  can  be  used  for  the  ordinate. 
The  spectral  density  at  low  frequencies,  less  than  1000  Hz, 
is  relatively  large  and  shows  a  rapid  increase  as  the  frequency 
is  reduced.  The  spectral  density  measured  on  the  cylinder 
without  a  collar  is  also  shown  for  reference  on  each  plot. 

The  magnitude  of  the  low  frequency  disturbance  produced  by 
the  collar  is  considerable.  For  example,  the  spectral  density 
measured  at  x/H  =  9  for  the  collar  with  H/d  =  0.25  is  a  maxi¬ 
mum  of  10.5  times  the  spectral  density  without  the  collar  at 
a  low  frequency  of  the  order  of  1  KHz. 
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The  relatively  high  quality  and  consistency  of  the  data 
of  Figs.  17,  18,  and  19,  suggests  that  an  approximate  scaling 
of  the  power  spectra  with  free  stream  velocity,  collar  height 
and  distance  downstream  of  the  collar  may  be  valid.  We 
made  a  number  of  different  plots  of  the  data  and  found  that 
in  addition  to  the  above  scaling  it  was  also  possible  to  sub¬ 
tract  the  power  spectrum  measured  without  the  collar  from 
that  measured  with  the  collar  and  still  maintain  a  reasonably 
consistent  scaling.  In  order  to  understand  the  subtraction 
of  the  power  spectra  one  may  use  a  result  analogous  to 
Eq.  (3)  which  is  based  on  the  assumption  that  the  correla¬ 
tion  between  the  wall  pressure  fluctuations  produced  by  the 
collar  alone  and  without  a  collar  is  zero,  p  (t. )  p  (t» )  =  0, 

Ca  1  ilO 

for  any  time  delav.  It  can  then  be  shown  that  the  power 
spectrum  caused  by  the  collar  alone,  F__(a>),  is  simply 

Ca 


F  (w)  —  F  ( to )  -  F  ( to ) 
ca  c  nc 


The  power  spectrum  of  the  collar  alone,  F  ( to )  ,  was 

Cel 

nondimens ionali zed  in  terms  of  the  characteristic  frequency 
corresponding  to  the  ratio  of  free  stream  velocity  to  collar 
thickness,  U^/H.  It  was  then  discovered  that  if  the  power 
spectra  of  the  collar  alone  data,  F  (to)  ,  were  normalized  to 
unit  area  the  shape  of  the  resulting  spectra  for  a  given  value 
of  x/H  were  approximately  the  same.  These  data  have  been 
plotted  in  Figs.  20  through  26  for  values  of  x/H  from  8  to 
240. 

In  Figs.  20  through  26  the  ordinate  is  given  the  label  C 
in  order  to  save  writing.  In  terms  of  the  power  spectral 
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density  and  scaling  parameters  the  ordinate  is. 


c  -  fca(u.)/(H  poa2)  (8) 

and  the  area  beneath  the  power  spectral  density  curves  of 
Figs.  20  through  26  is  unity, 

oo  oo 

J  C  d(u>H/Uj  =  J  Fca((Jj)/(H  pca2)  d(UH/Uj  =  1  (9) 

0  0 

since 

00 

/  Fca(u)  dti)  =  Pca2  (10) 

0 

The  results  of  the  normalized  spectral  measurements  of 
the  pressure  fluctuations  on  the  wall  at  a  stream  speed  of 
35.4  m/sec  and  at  a  distance,  x,  equal  to  8  collar  thicknesses 
downstream  of  the  collar  are  shown  in  Fig.  20.  The  spectra 
have  nearly  the  same  shape  for  collar  thicknesses  of  d/4  and 
d/8  but  for  the  thinnest  collar,  d/16,  the  shape  is  different. 
This  indicates  that  the  scaling  on  outer  variables,  H  and  Uot, 
is  not  valid  for  the  thin  collar  at  x  =  8H.  This  collar  is 
well  within  the  wall  region  of  the  boundary  layer  since  its 
thickness  is  only  160  viscous  lengths,  i.e.  Hut/v  =  160.  This 
suggests  that  for  small  roughness  heights  the  disturbance 
produced  should  be  scaled  with  wall  variables  v  and  uT. 
Mulhearn  (1976)  has  investigated  wall  pressure  fluctuations 
downstream  of  an  abrupt  change  in  surface  roughness.  He 
found  that  an  internal  layer  of  disturbances  occurred  within 
the  boundary  layer  which  increased  in  magnitude  as  they  were 


carried  downstream.  The  disturbances  reached  a  maximum 
and  then  decreased  as  a  new  equilibrium  boundary  layer  above 
the  rough  surface  was  formed.  Antonia  and  Luxton  (1971) 
investigated  the  fluctuating  velocity  field  downstream  of  an 
abrupt  change  from  smooth  to  upstanding  roughness  elements 
on  the  surface  everywhere  downstream.  He  found  a  similar 
internal  layer  of  new  disturbances  growing  within  the  exist¬ 
ing  boundary  layer. 

We  did  not  investigate  the  scaling  of  smaller  disturbances 
using  wall  variables  related  to  internal  layers  in  the  present 
series  of  measurements.  Instead,  the  case  of  larger  scale 
disturbances,  produced  by  thicker  collars,  which  scale  on  the 
outer  variables  were  studied  in  some  detail. 

Figure  21  displays  the  spectra  for  the  collar  alone  when 
the  wall  pressure  fluctuations  were  measured  16  collar  thick¬ 
nesses  downstream.  Again  the  spectrum  for  the  thinnest 
collar  does  not  agree  very  well  with  those  for  the  thicker 
collars.  As  one  proceeds  further  downstream,  Figs.  22,  23, 

24,  and  25,  all  three  of  the  spectra  are  similar  to  one 
another.  Presumably  the  disturbances  from  the  thin  collar 
have  now  grown  large  enough  to  scale  on  outer  variables. 

Another  change  that  occurs  is  that  for  larger  distances 
downstream  of  the  collar  more  energy  begins  to  appear  at 
very  low  frequencies.  The  scaling  for  this  data  appears 
to  be  consistent  and  it  is  suggested  that  a  similar  scaling 
should  be  valid  for  other  types  of  large  isolated  roughness 
elements.  The  agreement  among  the  data  is  quite  consistent. 
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The  data  displayed  in  Fig.  26  were  obtained  at  a 
point  240  collar  thicknesses  downstream  of  the  collar.  The 
normalized  spectra  are  still  approximately  similar  to  one 
another  but  their  shape  is  appreciably  different  from  the 
shape  measured  further  upstream.  This  data  suggests  that 
there  is  a  continual  evolution  of  the  harmonic  content  of 
the  wall  pressure  fluctuations  produced  by  isolated  rough¬ 
ness  elements.  From  a  practical  point  of  view  the  results  at 
large  distances  downstream  may  not  be  too  important  because, 
as  is  observed  in  Fig.  16,  the  wall  pressure  fluctuations 
caused  by  the  roughness  elements  have  become  quite  small, 
at  distances  of  the  order  of  x/H  =  200. 
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6.  CONCLUSIONS 


1.  Measurements  of  the  shape  of  the  iso- velocity  contours 
about  yawed  cylinders  show  the  development  of  marked 
asymmetry  even  for  very  small  angles  of  yaw,  see  Fig.  8. 
This  suggests  that  the  fluctuating  flow  properties  within 
the  boundary  layer  on  a  long  cylinder  may  be  very  depen¬ 
dent  upon  disturbances  in  the  free  stream  or  upon  varia¬ 
tions  in  yaw  angle  caused  by  the  cylinder  axis  not  being 
perfectly  straight. 

2.  The  intensity  of  the  wall  pressure  fluctuations  measured 
on  the  windward  side  of  a  cylinder  yawed  at  an  angle  of 
2.36  degrees  were  only  slightly  increased  above  the 
unyawed  results.  On  the  leeward  side  the  intensity 

was  well  below  the  intensity  measured  with  no  yaw. 

3.  The  harmonic  content  of  the  wall  pressure  spectra  is 
large  at  high  frequencies  over  most  of  the  windward 
surface  of  a  yawed  cylinder  and  is  largest  at  low 
frequencies  on  the  leeward  position  at  <j>  =  0.  At 
an  intermediate  position  60  degrees  from  the  leeward 
position,  i.e.  4>  =  +  60°,  the  harmonic  content  of  the 
spectra  are  similar  to  the  unyawed  case  but  the  overall 
intensity  of  the  fluctuation  is  reduced. 

4.  A  pinhole  microphone  was  found  to  produce  very  large 
spurious  pressure  fluctuation  signals  when  it  was 
located  on  the  windward  surface  of  a  yawed  cylinder. 
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Unfortunately/  the  smallest  suitable  flush  pressure 


transducer  available  for  the  present  measurements, 
dT  =  290  v/UT,  was  not  small  enough  to  completely 
resolve  the  high  frequency  (small  scale)  harmonic 
components  of  the  wall  pressure  fluctuations  on  the 
windward  surface  of  the  cylinder. 

5.  Large  isolated  roughness  elements  on  an  unyawed 
cylinder  produce  a  large  increase  in  the  intensity 
of  the  wall  pressure  fluctuations  well  downstream. 

The  intensity  which  decreases  as  the  distance  downstream 
is  increased  scales  with  the  dimensionless  downstream 
distance,  x/H. 

6.  The  power  spectra  of  the  pressure  fluctuations  caused 
by  the  larger  collars  scale  with  the  characteristic  fre¬ 
quency  U^/H  which  is  based  on  the  flow  speed  character¬ 
istic  of  the  outer  part  of  the  boundary  layer.  There 

is  a  small  amount  of  data  which  suggests  that  for  smaller 

isolated  roughness  elements  the  spectra  may  scale  with 

the  wall  variables  V  and  u^.  (The  characteristic 

2 

frequency  would  then  be  u  /v . ) 


l 
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Figure  1 


Sketch  of  45°  pinhole  microphone  configuration  and 
construction:  A,  pinhole  of  diameter  1.02  mm  at 
surface  of  cylinder;  B,  plastic  cover  over  micro¬ 
phone  adapted  from  Bruell  and  Kjaer  pistonphone 
seal  type  DB-0352;  Cf  Bruell  and  Kjaer  Microphone 
Model  4138;  D,  rubber  seal  within  part  B;  E,  Bruell 
and  Kjaer  adapter  type  UA0160;  F,  Bruell  and  Kjaer 
preamplifier  type  2618;  G,  stranded  steel  cable 
under  tension  used  to  hold  cylinder  model  together? 
H,  25.4  mm  diameter  aluminum  cylinder  model;  J, 
plastic  fitting  used  to  align  cylinder  halves. 
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Figure  2 
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Frequency  response  calibration  data  for  pinhole 
microphone.  Ordinate  is  ratio  of  pinhole  micro¬ 
phone  output  to  flush  microphone  output. 
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Figure  3.  Sketch  of  flush  microphone  configuration  and 
collar  configuration  and  construction:  A, 
aluminum  collar,  two  halves?  B,  flat  steel  spring 
clamps  collar  halves  to  cylinder;  C,  stranded 
steel  cable  under  tension  holds  cylinder  model 
together;  D,  25.4  mm  diameter  aluminum  cylinder 
model;  E,  electromechanical  adapter  for  Bruell 
and  Kjaer  microphone  and  preamplifier;  F,  attach¬ 
ment  to  hold  preamplifier  on  part  E;  G,  Bruell 
and  Kjaer  preamplifier  type  2618;  J,  Bruell  and 
Kjaer  microphone  model  4138,  3.175  mm  diameter. 


Figure  4.  Sketch  of  yawed  cylinder  showing  coordinate  notation. 


36 


Figure  6 


Lines  of  constant  velocity  about  a  25.4  mm  diameter 
cylinder,  a  =  2.36°,  =  47.85  m/sec,  Ren  =  3240. 
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Figure  7 


Lines  of  constant  velocity  about  a  25.4  mm  diameter 

cylinder.  a  =  6.62°,  U  =  47.85  m/sec.  Re  =  9048. 

oo  n 
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Figure  8.  Ratio  of  retarded  flow  region  width,  B,  (width  of 
u/UOT  =  .95  contour)  to  cylinder  diameter,  d,  for 
a  cylinder  length,  £,  of  5.5  meters  as  a  function 
of  Reynolds  number,  Ren,  based  upon  d,  and  the 
velocity  normal  to  the  cylinder.  O  ,  d  =  3.18  mm, 
£/d  =  1380;  •  ,  d  =  25 . 4  mm,  i/d  =  217. 
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Figure  9.  Dimensionless  wall  pressure  spectra  at  zero  angle 
of  yaw  measured  with  flush  microphones.  O  >  25.4 
mm  diameter  cylinder  d>pUT/v  =  190  [Willmarth  et  al. 
(1976)];  Q  ,  76.2  mm  diameter  cylinder  d<rux/v  =  158 
[Willmarth  and  Yang  (1970)];  #  ,  present  measure¬ 

ments  one  inch  diameter  cylinder  d<puT/v  =  290. 
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Figure  10.  Root-mean- square  wall  pressure  measured  on  a 

25.4  mm  diameter  cylinder.  Transducer  is  flush 
with  surface  and  of  diameter  d>r  =  290  v/uT. 

O  ,  a  =  2.36°,  Uoo  —  35.36  m/sec;  •  ,  a  =  2.36° 

Uoo  =  50.29  m/sec; - ,  a  =  0,  =  35.36  m/sec 

- ,  a  =  0,  Uoo  =  50.29  m/sec. 
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Figure  11.  Power  spectral  density  on  25.4  iron  diameter  cylinder 
yawed  at  2.36°.  A  is  the  amplitude  of  spectral 
density  in  arbitrary  units  at  free  stream  velocity 
of  35.4  m/sec.  *,  $  =  0°;  @ ,  <f>  =  60°;  #,<{>  =  120°; 
+  ,<}>=  180°.  The  symbol  0  is  the  spectral  density 
on  an  unyawed  cylinder. 
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Figure  12.  Caption  and  symbols  same  as  Figure  11  except  that 
the  free  stream  velocity  is  50.3  m/sec  for  this 
plot. 
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Figure  13.  Nondimen sional  spectral  density  on  the  25.4  mm 
diameter  cylinder  yawed  at  2.36°  at  free-stream 
velocity  of  35.4  m/sec.  Symbols  same  as  Figs.  11 
and  12. 
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Figure  14.  Caption  and  symbols  same  as  Fig.  13  except  that  the 
free  stream  velocity  is  50.3  m/sec  for  this  plot. 


Figure  15.  Root-mean-square  wall  pressure  fluctuations  at 
various  distance,  x,  downstream  of  isolated 
roughness  elements  with  three  different  thick¬ 
nesses,  H.  O  ,  H/d  =  0.25;  #  ,  H/d  =  0.125, 

X  ,  H/d  =  0.063, - ,  no  collar. 
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FIGURE  15 


Figure  16.  Root-mean -square  wall  pressure  fluctuations  at 
various  distances,  x,  downstream  of  isolated 
roughness  elements  with  three  different  thick¬ 
nesses,  H,  after  subtraction  of  the  pressure 
fluctuations  measured  without  the  collar. 

O  ,  H/d  =0.25;  •  ,  H/d  =0.125;  X  ,  H/d 

=  0.063. 
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Figure  17.  Power  spectral  density  of  the  wall  pressure  fluctu¬ 
ations  at  various  distances  downstream  of  a  collar. 
Collar  height,  H  =  0.25d  =  6.35  mm.  *,  x/H  =9; 

x/H  =  20;  #,  x/H  =  40;  +  ,  x/H  =  120;  0, 
no  collar,  A,  the  magnitude  of  the  power  spectral 
density  is  arbitrary  but  of  the  same  scale  factor 
for  all  the  data. 
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Figure  18.  Caption  the  same  as  Fig.  17  except  that  collar 
height  H  =  0.125d  =  3.175  mm.  *,  x/H  =  16; 

x/H  =  20;  #,  x/H  =  80;  +  ,  x/H  =  240;  Q>  3 
no  collar. 
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FIGURE  18 


Figure  19.  Caption  the  same  as  Fig.  17  except  that  the  collar 
height  H  =  0.063d  =  1.588  mm.  *,  x/H  =  32; 
x/H  =  80;  0  ,  no  collar. 
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Figure  20.  Normalized  nondimen sional  power  spectra  of  the 

additional  wall  pressure  fluctuations  produced  by 
the  collars  of  various  thicknesses.  Distance 
downstream  of  collar  is  x/H  =8.  +,  H/d  =  0.25; 

*,  H/d  =  0.125;  0  ,  H/d  =  0.063.  The  ordinate  C 
is  U  F(u))/Hp7. 
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FIGURE  21 


Figure  22.  Same  as  Fig.  21  except  that  x/H  =  32. 
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Figure  23.  Same  caption  as  Fig.  20.  +  ,  H/d  =  0.25,  x/H  =  40 
*,  H/d  =  0.125,  x/H  =  40;  0  ,  H/d  =  0.063, 
x/H  =  32. 
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Figure  24.  Same  caption  and  symbols  as  Fig.  21  except  that 
x/H  =  48. 
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Figure  25.  Same  caption  as  Fig.  20.  +  ,  H/d  =  0.25,  x/H  =  60 
*,  H/d  =  0.125,  x/H  =  64;  0  ,  H/d  =  0.063, 
x/H  =  64. 
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Figure  26.  Same  caption  as  Fig.  21  except  that  x/H  =  240. 
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